Effect of the microstructure of a metal-core piezoelectric fiber/aluminum composite on the characteristics of its output voltage was investigated. The metal-core piezoelectric fiber/aluminum composite was developed to overcome the problems associated with piezoelectric ceramics, such as has poor mechanical properties, reliability; brittleness and low fracture strain. This composite contains piezoelectric fiber embedded in aluminum matrix by using interphase forming/bonding method, which significantly improved the fracture strain of the metal-core piezoelectric fiber. The composite is expected to be used in long-term, high reliability sensors and energy harvesting devices. However, it was observed that the output voltage variation is caused by the residual Al-Cu eutectic alloy from the embedding process and contributes to the eccentricity of the core. These drawbacks, interfere with the practical use of this composite. In this study, the influence of the composite microstructure, such as the presence of the residual eutectic alloy and the eccentricity of the metal-core on the output voltage characteristics, is evaluated using finite element analysis. First, it was succeeded establishing a method considering that the radial direction of polarization, and confirmed the validity of the proposed method by reproducing the output voltage anisotropy of the composite and comparing the experimental values obtained in conventional studies with analysis value. Using this method, it was shown that the decrease of the output voltage is caused by the following; 1) The eutectic alloy having a high Young's modulus inhibits the stress transmission between the matrix and the piezoelectric ceramics, the stress of the piezoelectric ceramics decreases, 2) Eccentricity of the core lowers the stress in the portion where the piezoelectric constant is high near the core. From these results, possibility of design and suppress variations of the output voltage characteristics by adjust the structure of the composite was suggested.
Introduction
Piezoelectric ceramics have superior mechanical-electrical energy conversion characteristics and they are widely used in sensors, actuators. In recent years, these materials have also been used for energy harvesting, i. e. to harness electric energy from ambient vibration and impact (Umeda et al., 1996 and Sodano et al., 2004) . However, commonly used piezoelectric ceramics are fragile, so their use has drawbacks in term of mechanical properties and reliability (Pferner et al., 1999 and Yoon et al., 1997) . Furthermore, a complicated electrode system is required to fabricate such a functional device. In order to solve these problems, authors have developed a metal-core piezoelectric fiber/aluminum Yanaseko, Sato, Kuboki and Asanuma, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej. composite (Yanaseko et al, 2014 and 2015a ) with a platinum core piezoelectric fiber (Sato et al., 2003 and 2009) embedded in an aluminum matrix by using interphase forming/bonding method (Asanuma, 2000) . Although this composite is expected to be used in maintenance-free, long-term reliable sensors and energy harvesting devices, the properties of the composite depend on its microstructure such as voids, residual eutectic alloys (Al-Cu alloys) and the eccentricity of its metal-core (Chiba et al, 2007) . In this study, finite element analysis (FEM) was used to investigate the effect of core eccentricity and the presence of residual eutectic alloys on the output voltage of the composite. In this composite, unlike in conventional piezoelectric devices, the polarization direction is radial and the applied electric field during polarization is not constant in single radial direction. Therefore, new method to investigate this effect is required. In this method, the anisotropy of the output voltage obtained by the previous studies (Yanaseko et al., 2015b) was reproduced, and the validity of the method was confirmed. In addition, the effect of residual eutectic alloy and core eccentricity was evaluated by the newly confirmed method and the influence of the microstructure on the output voltage of the composite was investigated.
Method 2.1 Output voltage calculation method
The output voltage obtained from the piezoelectric material can be calculated by the following piezoelectric equation (IEEE standard, 1987 , Sirohi et al., 2000 and Uchino et al., 2005 
where, D: electric displacement, d: piezoelectric constant, T: stress,  T : dielectric constant, E: electric field, S: strain, s E : elastic compliance and d t : transposed piezoelectric constant matrix. Assuming the initial electric field is 0, the output depends only on the piezoelectric constant and the stress. Therefore, the output voltage can be obtained by FEM stress calculations. In conventional piezoelectric materials, the polarization axis follows a direction in the rectangular coordinate system, as shown in Fig. 1 -a. However, due to the nature of the metal-core piezoelectric fiber/aluminum composite, the polarization direction is radial, as shown in Fig. 1-b . For this reason, the conventional piezoelectric constant cannot be directly applied because it corresponds to the rectangular coordinate system. Therefore, in the analysis of the composite, it is necessary to consider the stress transformation in the radial direction around the z axis so that the polarization axis of each element and the y' axis, which is the y axis after rotation coincide．The stress transformation equation is described by Eq. (2),
where, σ: each normal stress，τ: each shear stress and θ: rotation angle. By this stress transformation, the piezoelectric constant matrix d' (Eq. (3)) is always polarized in the y' axis direction can be used in each element. 
Using the piezoelectric constant and the converted stress, the electric displacement D, can be obtained. Equation (4) to determine the output voltage V is shown below:
where, 33: dielectric constant in poling direction,ｔ: distance between electrodes. Yanaseko, Sato, Kuboki and Asanuma, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej. Moreover, during the poling of the piezoelectric ceramics, because of the radial electrode structure, the applied electric field ceramics becomes nonuniform. The equation to determine the applied electric field Ep is shown below:
The applied electric field is inversely proportional to the distance r. Since the piezoelectric constant is related to the applied electric field during polarization (Ogawa et al., 2009 , Guo et al., 2013 and Zheng et. al., 2016 , it can be assumed that the constant is proportional to the applied electric field in order to correct the constant. .
Validity of the calculation method
To evaluate the validity of the described method, the output voltage anisotropy obtained in a previous study was reproduced. As shown in Fig. 2 , the composite was attached to an aluminum plate at angle of α. A tensile stress of 1 MPa was then applied to the aluminum plate, and the angle was changed from 0° to 90° in increments of 15° and the output voltage was calculated using the obtained stress. The size of the metal-core piezoelectric fiber is as follows: outer diameter of 0.2 mm, core diameter of 0.05 mm and length of 20 mm. The validity of these calculations was confirmed by comparing the calculated values with the experimental obtained the previous study. In this calculation, Salome-meca was used as FEM software and material properties listed in Table 1 were used.
Effect of microstructure on output voltage
In the aforementioned previous study, the output voltage of the metal-core piezoelectric fiber/aluminum composite material with the microstructures shown in Fig Yanaseko, Sato, Kuboki and Asanuma, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00565] a) eccentric metal-core and residual eutectic alloy, b) residual eutectic alloy, and c) without eccentric core and residual eutectic alloy.
To evaluate the output voltage in each of these structural states, stress analysis was performed by FEM using separate models approximating each structure around the piezoelectric fiber, as shown in Figs. 4 and 5. In these models, the shape of the residual eutectic alloy and the eccentricity of the core were determined based on the structure shown in Fig. 3 -a. Here, the voids were not reproduced in the model because the actual distribution of the voids in the composite is unknown. It is clear that the void inhibits the stress transmission from the matrix to the piezoelectric ceramics, causing a decrease in output voltage. Table 1 Material properties used as input to Salome-meca for the FEM analysis. Fig. 3 SEM images of the metal-core piezoelectric fiber/aluminum composite, showing the microstructure, obtained in the previous study (Chiba et al, 2007) ; a) the eccentricity of the core, the eutectic alloy residuals and voids, b) the eutectic alloy residuals and voids, c) no eccentricity, no eutectic alloy residues. It has been observed that the output voltage changes due to the difference in these microstructures. Yanaseko, Sato, Kuboki and Asanuma, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00565]
The material properties used for the analysis are listed in Table 1 , and the stresses of the piezoelectric ceramics were analyzed using FEM software under load-constraint conditions such that the end face of the composite was constrained and a tensile stress of 1 MPa was applied the face at the opposite face. Further, using the analyzed stress, the output voltage was obtained by solving the piezoelectric equation. Figure 6 shows the comparison of the calculated and experimental value of the output voltage. The output voltage is normalized by the output voltage at an angle of 0°. This is because the experimental value was measured using an oscilloscope and was influenced by the extremely high output impedance of the piezoelectric ceramics, which resulted in a large difference from the analyzed value. However, the overall trends in the calculated and experimental values agree well with each other in Fig. 6 . Therefore, the calculation method was determined to be sufficiently effective for the relative evaluation of the output voltage. Fig. 3 , and the shapes of the residual eutectic alloys were approximated to facilitate analysis. Yanaseko, Sato, Kuboki and Asanuma, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00565] output voltage was obtained by vibrational testing, which is a type of dynamic test. For this reason, the microstructure condition shown in Fig. 7 -a where the eccentric metal core, the void and the eutectic alloy residues are considered, is used as a reference and comparison is made to other structures with similar values. It is clear from Fig. 7 that the eccentricity of the metal-core and the presence of residual eutectic alloy lower the output voltage. The effect of the eccentricity of the metal-core causes the electric field to be radial in the electrode structure of the composite. The electric field applied in the vicinity of the metal-core and the matrix varies during polarization, the residual polarization on the matrix side is reduced, the piezoelectric constant around the matrix decreases, and since the metal-core is eccentric, distance between the core and the matrix increases, causing the local piezoelectric constant to decreases. Figure 8 shows the distribution of the correction coefficients used in this study, and, it can be seen that when the core is eccentric, area with low correction coefficients appear. However, as shown in Fig. 9 , the average of the correction coefficients does not change significantly with respect to the eccentricity amount at the actual eccentricity of 25 μm. And as shown in Fig. 10 , the z-direction stress distribution at the center of the fiber is largely distributed in the y-axis direction. This distribution is caused by the presence of many eutectic alloys with high Young's modulus on the y-axis plus direction, comparing a) and b) in this figure, the stress generated around the core decreases in b). That is, the main reason why the output voltage decrease due to eccentricity is that the stress generated in the part having the However, there is a large difference between the two values in condition c), due to voids that could not be considered in the analysis, but significantly affected the experimental value. Fig. 8 Distribution of the correction coefficients; a) without eccentricity, b) with eccentricity of the metal-core. In this study, since the correction coefficient is inversely proportional to the distance from the electrode, the eccentricity increases as the distance between the electrode and the correction coefficient decreases. Sato, Kuboki and Asanuma, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00565] coefficient is reduced due to eccentricity. Therefore, when the output voltage is decentered in the minus direction of the y axis, the output tends to decrease. It can be considered that the influence of the eutectic alloy with a quadrature phase (CuAl2) having a high Young's modulus remains near the interface, thereby inhibiting the stress transmission between the matrix and the piezoelectric ceramic. To prove this, analysis was performed by changing the Young's modulus of the eutectic alloy to 50 and 250 GPa. Figure 11 shows the normal stress distribution in the fiber direction of the piezoelectric fiber with varying Young's modulus of the eutectic alloy. It can be seen that the stress transmission from the matrix to the fiber is inhibited by increasing the Young's modulus of the eutectic alloy, even if the same stress is applied to the end face of the composite, confirming the above hypothesis. The influence of the voids is not considered in this calculation method, but it is clear that the stress transmission from the matrix is inhibited by the existence of the non-joint area between the matrix and the piezoelectric ceramics. In the condition c), there is a significant difference between the experimental and calculate values. The output voltage highly influenced by voids, but they were not considered in the calculation, resulting in significant discrepancies due to the voids effect. Fig. 9 Effect of the eccentric amount on the average correction coefficient of the piezoelectric fiber. The output voltage of the piezoelectric fiber depends on the average correction coefficient. The dashed line shows the actual eccentricity amount of 25 μm, and the average correction coefficient is about 3% reduction as compared with the case without eccentricity. Fig. 10 Stress distribution in z-direction of the piezoelectric fiber; a) without eccentricity, b) with eccentricity of the metal-core. In both cases, the stress is gradated in the y-axis direction, because the residual amount of the eutectic alloy is gradated in this direction. By comparison, the core is eccentric in the minus direction of the y-axis, so that the stress around the core is reduced.
Results and discussions 3.1 Validity of the calculation method
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Conclusion
By using finite element analysis, the effect of the microstructure of the metal-core piezoelectric fiber/aluminum composite on the output voltage characteristics was determined and can be summarized as follows, 1) Considering the direction of the polarization axis and the nonuniformity of the electric field during polarization, it is possible to calculate the output voltage of the metal-core piezoelectric fiber/aluminum composite material having the radial polarization axis. It was found that the trends in the values determined by theoretical analysis and experimental method were in agreement after normalized output voltage, indicating the validity of this method.
2) The eccentricity of the metal-core and the residual eutectic alloys around the piezoelectric fiber caused output voltage to decrease. Since the electric field at the polarization is radial, the piezoelectric constant around the core becomes the highest, however when the core is eccentric into the minus direction of the y axis, the stress around core is reduced. This reduction in stress causes decreasing of the output voltage.
3) The degradation of the output voltage due to the residual eutectic alloys is because the eutectic alloys has a higher Young's modulus than the matrix, thereby inhibiting the stress transmission between the matrix and the piezoelectric fiber. Stress distribution at the center of the piezoelectric fiber when the Young's modulus of the residual eutectic alloy is varied. The stress shown here is the normal stress in the fiber direction. As the Young's modulus increases, the stress generated in the fiber decreases. The eutectic alloy with a high Young's modulus remains in the periphery of the fiber, reducing the stress transmission between the matrix and the piezoelectric fiber.
